Abstract This work has successfully achieved high density (99.9%) polycrystalline LiTaO 3 . The keys to the high density without cracking were the use of LiF-assisted densification to maintain fine grain size as well as the presence of secondary lithium aluminate phases as grain growth inhibitors. The average grain size of the hot pressed polycrystalline LiTaO 3 is less than 5 lm, limiting residual stresses caused by the anisotropic thermal expansion. Dilatometry results clearly indicate liquid phase sintering via the added LiF sintering aid. Efficient liquid phase sintering allows densification during low temperature hot pressing. Electron microscopy confirmed the high-density microstructure. Rietveld analysis of neutron diffraction data revealed the presence of LiAlO 2 and LiAl 5 O 8 minority phases and negligible substitutional defect incorporation in LiTaO 3 .
Introduction
LiTaO 3 and LiNbO 3 are prototypic uniaxial ferroelectrics, useful for a wide variety of optical, electro-optic, piezoelectric, and pyroelectric applications [1] [2] [3] [4] , as well as fundamental studies of ferroelectric domain wall motion [5] [6] [7] . In addition, the broader family of alkali niobates and alkali tantalates are important end-members in many of the high-performance Pb-free piezoelectric compositions currently being investigated worldwide [8] [9] [10] . Single crystals of both LiNbO 3 and LiTaO 3 can be grown congruently from a melt, but with a composition that is approximately 4% Li deficient. The large population of point defects in this congruent composition leads to a coercive field (E c , the electric field required for polarization reversal) that is more than 1009 that of the stoichiometric composition [11] . The Curie temperature (T C ) also varies strongly across this single-phase region from *610°C for the congruent, highly Li-deficient composition to [700°C for stoichiometric (Li/Ta & 1.0) LiTaO 3 [2] .
Powder-based processing methods offer well-known geometric, compositional, and cost advantages over the readily available single crystals of LiTaO 3 , but polycrystalline LiTaO 3 ceramics are not common despite the prevalence of complex compositions in which LiTaO 3 is an important end-member. Massive differences in cation mobility lead to processing challenges for all alkali niobates and tantalates, and LiTaO 3 represents the extreme example of this. In addition, the anisotropy of the trigonal (rhombohedral) crystal structure of LiTaO 3 brings great anisotropy in the coefficients of thermal expansion (CTE) (a a = 16 9 10 -6 /°C, a c = 4 9 10 -6 /°C) [12] that leads to significant stresses during cooling of a dense sintered part. The processing challenges associated with LiTaO 3 therefore include densification in the first place (because of differences in cation mobility) and survival of a dense part during cooling (because of CTE-derived stresses at grain boundaries).
Dense, pure polycrystalline LiTaO 3 ceramics have never been reported, though Huanosta and West did report on the electrical properties of undoped polycrystalline LiTaO 3 without commenting on the density or microstructure of the samples [13] . Limited success has been achieved through the use of various sintering aids such as MgF 2 [14] or MnO x , [15] or through extensive substitution on the A-site [16] , B-site [17] , or both [18] [19] [20] . One method to minimize internal residual stress is to minimize grain growth. For example, as grain size decreases, each individual grain exerts a smaller total stress on the neighboring grains, and the overall internal stress can be minimized at the macroscale. Furthermore, according to fracture mechanics, absent extrinsic flaws, the largest grain will serve as the critical flaw, so keeping the critical flaw (largest grain) size below the fracture toughness of the material should keep the material from spontaneously cracking or shattering.
Achieving full density while maintaining fine grain size is a challenge across the ceramic world, particularly for materials containing cations with drastically different diffusion kinetics such as Li and Ta. For solid state sintering, diffusion is required to achieve a fully dense structure; relying on high temperatures alone to achieve sufficient solid state diffusion can result in significant-and even exaggerated-grain growth if the temperature is too high and the densification time is too long. This team previously achieved 96% dense polycrystalline LiTaO 3 without macroscopic cracking by hot pressing at 1450°C [21] . The high temperature hot pressing also led to exaggerated grain growth, resulting in some huge grains on the order of 100 lm. In this work, we have opted for a transient liquid phase sintering approach, using LiF as the sintering aid to lower the sintering temperature and minimize grain growth. In addition, LiAlO 2 was introduced as the second phase to minimize the grain growth of LiTaO 3 . Use of a second phase as a grain growth inhibitor is one approach to maintain fine grain size in sintered samples. In this work, this work introduces LiAlO 2 as a second phase by adding a small amount of high purity Al 2 O 3 to react with excess Li 2 CO 3 to form LiAlO 2 during the hot pressing step. The combination of reduced processing temperature enabled by liquid phase sintering and grain growth inhibition through the use of a second phase contribute to a significant reduction in grain size, which in turn minimizes the residual stress and enables fabrication of dense, crack-free polycrystalline LiTaO 3 .
2 Experimental procedure
Powder synthesis and characterization
The details of the LiTaO 3 powder synthesis can be found in a previous work, which synthesized LiTaO 3 powders at 950°C for 6 h using Ta 2 O 5 (H.C. Starck, Newton, MA, USA) and Li 2 CO 3 (Aldrich, Atlanta, GA, USA) as the raw materials [21] . In this work, 3.0 wt% of high purity Al 2 O 3 (CERALOX, Grade HPA, Tucson, AZ, USA) powder and 2.0 wt% of LiF powder (C99.99%, Sigma Aldrich, Atlanta, GA, USA) were added to a 500 ml polyethylene jar 50% filled with 12.7 mm high purity Al 2 O 3 grinding media followed by 13 wt% of Li 2 CO 3 and 81.2 wt% of Ta 2 O 5 starting powders. 100 g of de-ionized water was then added to the polyethylene jar. The milling was performed at 150 rpm, which is about 70% of the critical speed, for about 2 h. The milled slurry was poured into a glass beaker and dried in an oven at 90°C overnight. The dried powder mixture was crushed using a high purity Al 2 O 3 mortar and pestle. The crushed granules were then screened through a 100 mesh stainless steel sieve. The calcined powders were then attrition milled for 2 h at 600 rpm to reduce the particle size. The attrition milled slurry was dried in an oven at 90°C for 6 h followed by crushing and screening.
To prepare a dilatometer sample, about 4 g of attrition milled LiTaO 3 powders were weighed and filled into a steel die with a cavity of 6.4 9 25.4 mm 2 dimensions. The powder was slightly packed inside the die cavity using a vibrating table for about 20 s followed by uniaxial pressing at 100 MPa by holding for about 30 s. After ejection from the die, the green dilatometer rod had a dimension of about 6.4 9 6.4 9 25.4 mm 3 and was measured using a dilatometer (NETZSCH TMA 402 F1 NETZSCH Instruments North America, Burlington, MA, USA) with a heating rate of 600°C/h up to 1250°C in air. Densification was then calculated using the linear shrinkage results.
Hot pressing and microstructural characterization
About 30 g of attrition milled LiTaO 3 powders were loaded into a graphite die of 29 mm diameter. The powders were hot-pressed at 1250°C and 20 MPa for 1/2 h in vacuum using a graphite resistance furnace (Centorr/VI Corporation, Nashua, NH). The heating rate was 500°C/h from room temperature to 1200°C and 100°C/h from 1200 to 1250°C. A small load was applied to the graphite dies at low temperature to hold the powders and dies together. The applied load was slowly increased at about 0.69 MPa/min starting at about 1000°C and reached 20 MPa at the beginning of the 1250°C soak. Hot-pressing was performed at 1250°C with 20 MPa for 1/2 h. The applied load was removed at the end of the soak. The cooling rate was 500°C/h from 1250 to 400°C followed by turning off the furnace. The as-hot-pressed disc was surface ground to about 3 mm thick using a 90 grit diamond wheel. The density of the surface ground disc was measured using the Archimedes method.
X-ray diffraction and neutron diffraction
X-ray powder diffraction (XRD) data were collected on a Bruker D8 diffractometer using Cu-k a radiation from 15°t o 120°2h in 0.01°increments with a count time of 4 s per step. The XRD sample was a powder which was ground from a hot-pressed piece of a disc. The data from the powder sample were used for refinement of the site occupancies. Time-of-flight neutron powder diffraction (NPD) data were collected on the HIPD instrument at the Lujan Neutron Scattering Center at Los Alamos National Laboratory. The data were collected on four solid pieces of hotpressed material which were loaded into a vanadium can and measured for 16 h. No significant preferred orientation was observed, presumably due to the fact that the neutrons are sampling the entire volume of each piece and there were four pieces.
Microstructural characterization
A small piece was cut off from the edge of the disc and was mounted in an Epon 815C epoxy to facilitate sample preparation. During the mounting process, the epoxy was outgassed in a vacuum chamber prior to encasing the sample in the epoxy. The sample was then placed in a pressure chamber at about 6.9 MPa to force the epoxy into the voids and gaps within the sample and allowed to cure overnight. Polishing was performed using a multi-step process on a Struers (Westlake, OH, USA) semi-automatic polisher. All of the mounted samples were rough polished using a 15 lm diamond disc followed by 9, 6, 3, 1, and 0.5 lm diamond paste. The final polishing was for 8 min using 0.05 lm colloidal silica with 10 N force. The polished samples were examined using a FEI Hillsboro, Oregon, USA) environmental scanning electron microscope (ESEM) model XL-30. To prevent charging in the SEM, the polished sample was coated with a very thin layer of gold for SEM microstructural and electron backscatter diffraction (EBSD) examination. The settings on the ESEM were 20 kV beam, spot size 4, 50 micron aperture, and a working distance of 16 mm. The scan size was 200 9 350 mm 2 with a step size of 0.1 mm. The EBSD camera was set to 2 9 2 binning, and Hough parameters were set for a maximum peak count of 12, minimum peak count of 8, and minimum peak distance of 10. Using the above listed parameters, scans were performed in the center region of each sample. Orientation image microscopy (OIM) (TSL Corporation, Kanagawa, Japan) analysis was used to analyze the scan data for each sample. (Scanning) transmission electron microscopy (S/TEM) images were obtained from an FEI (Hillsboro, Oregon, USA) TF-30 Tecnai electron microscope on foils thinned by conventional dimple polishing and cryogenic ion milling. Samples were mechanically thinned and dimple-polished through 0.1 lm diamond to a thickness in the range of 10-20 lm. Ion milling of these specimens at liquid nitrogen temperatures started at 3.5 kV. Final thinning was at 1.5 kV to minimize specimen damage. Total ion-milling time for these specimens was typically less than 1 h. Selected Area Diffraction (SAED) was performed on the triple point junction to identify the glassy or crystalline phase of the grain boundary phase.
Dielectric and ferroelectric measurements
For electrical measurements, the sample faces were sputtered with gold electrodes (Quorum, EMS150RS, East Sussex, UK) at room temperature. Capacitance and dissipation factor (tangent delta) were measured from 50 Hz to 1 MHz using an HP 4284A precision impedance analyzer (Santa Clara, CA) with a 0.5-10 V oscillator. Temperature dependence of these parameters from -50°C to ?200°C was measured with the sample inside of an environmental testing chamber (Sun System EC1A, Titusville, FL) and connected to an Agilent 4294A precision impedance analyzer (Santa Clara, CA) with a 0.5 V oscillator. Direct current resistance measurements were carried out in a 2-point configuration using a Keithley 237 High Voltage Source Measure Unit (Cleveland, OH) under bipolar voltage levels from ±1 to 800 V (corresponding to a maximum field of just under ±10 kV/cm). Specimens were dried at 400°C after shipping between experiment sites and kept in a desiccator between measurements in order to minimize contributions from adsorbed moisture.
3 Results and discussion
Neutron diffraction and XRD phase characterizations
The refined lattice parameters from the XRD data for the solidhot-pressed piece of material were a = 5.1518(1) Å , c = 13.7693(2) Å , while the refined lattice parameters for the powder were a = 5.1522(1) Å , c = 13.7677(2) Å . This shows that the strain in the hot-pressed material slightly contracts the a lattice parameter while expanding c, consistent with the cooling-induced strain expected given that CTEa [ CTEc. Figure 1 is the XRD pattern collected from the powder from the ground hot-pressed disc, which indicates that LiTaO 3 was maintained as the major phase after hot-pressing [22] . The NPD data reveal the presence of low atomic number phases that were not observed by XRD. Figure 2 shows the NPD data from bank 5 (40°) of HIPD. The * mark the clearly resolved peaks from a LiAlO 2 phase while the ? mark the clearly resolved peaks from a LiAl 5 O 8 phase. All unmarked peaks correspond to the main LiTaO 3 phase. Rietveld refinements of the NPD data shows the phase fractions in mass percent are 3.56% LiAlO 2 and 1.08% LiAl 5 O 8 . These two phases cannot easily be identified from the XRD data. Only two very weak peaks from the LiAlO 2 phase are discernible in the XRD pattern and no peaks are detectable from the LiAl 5 O 8 phase. [22] [23] [24] . It is worth mentioning that there is some uncertainty regarding the accuracy of the TD including the accuracy of the phase contents from the neutron diffraction, small amount of glassy phase at the grain boundary, and exact stoichiometric composition of each phase. Hence, the density measurement can only serve as a reference point and the degree of densification should also be confirmed using the SEM microstructural characterization.
The possibility of Al 3? incorporation into the main LiTaO 3 phase was also considered and tested for. The XRD data have a strong sensitivity to Ta but much lower sensitivity to the other elements because of the dependence on atomic number. The NPD data cover a wider d-spacing range and have a similar sensitivity to all elements. With neutrons the scattering length of Ta (6.91 fm) is similar to that of O (5.805 fm) and Al (3.449 fm). While the absolute value of the scattering length of Li is small (-1.90 fm), its negative sign gives it fairly strong contrast with the other elements and allows for the accurate refinement of the site occupancies. Rietveld refinements were done simultaneously on the NPD data from the ±153°, ±90°, ±40°banks of HIPD as well as the XRD data taken on the powder sample. The lattice parameters determined from XRD were fixed in the refinement and the DiffC parameters of the neutron banks were allowed to refine. Al 3? was allowed to occupy the Ta 5? site and the Li ? site, with the restriction that the total occupancies of these sites remain 1. Al 3? was also allowed to occupy an interstitial octahedral site. The refinement converged to give occupancies which where all extremely close to that of pure LiTaO 3 indicating that no significant Al doping occurred. The oxygen occupancy was also refined and stayed very close to 1. From these results it can be concluded that the excess Li and added Al 2 O 3 result in the presence of lithium aluminum oxide minor phases rather than significant substitutional doping of the main LiTaO 3 phase. Figure 3 shows the dilatometer results of the green LiTaO 3 compact and plots the linear dimension as a function of temperature in air upon heating. The dilatometer sample starts with slight expansion from room temperature to about 850°C. When the temperature approaches 850°C, the sample begins to shrink as the liquid phase forms (LiF melting point = 845°C) and particle rearrangement leads to densification, followed by solution-precipitation. It should be noted that the melting point of Li 2 CO 3 is *723°C, but it is clear from these dilatometer results that LiCO 3 is not an effective liquid phase sintering aid, instead (presumably) having already reacted with the added Al 2 O 3 during calcination. During solution-precipitation, some of the LiTaO 3 particles dissolve into the LiF liquid phase and re-precipitate on a grain surface or even as new even finer grains. Diffusion through a liquid phase is typically a much faster process than solid state diffusion, thus this diffusionprecipitation process via transient liquid phase and the earlier capillarity-assisted particle rearrangement are the major contributors to the overall densification. The rapid densification slows around 1150°C, and by *1250°C, densification is dominated by solid state diffusion at a much slower rate compared to the solution-precipitation mechanism. By the time solid state diffusion starts to become significant, the relative density has reached [94%, so even the lower rate and short time (1/2 h for sintered parts) for solid state sintering is sufficient to further increase the density to [99%.
LiF sintering aid for transient liquid phase sintering
The above dilatometer measurement was performed without any external pressure. Particle rearrangement will be enhanced by the external 20 MPa pressure present during hot pressing. The LiTaO 3 powders were hot-pressed at 1250°C and 20 MPa for 1/2 h in an argon environment. The hot-pressed disc was uniform after surface grinding. Using the Archimedes method, the density of the hotpressed pellets was measured at 6.880 g/cm 3 , which is 99.8% TD based on the calculated density of 6.882 g/cm 3 . The hot pressed density of the current work is much higher compared to a previous work at 95% TD even though the hot pressing temperature is lower and the time is shorter, i.e. 1250°C, h for the current work versus 1450°C, 2 h for a previous work [21] . It is clear that the LiF liquid phase has not only reduced the hot pressing temperature and time but also increased the hot pressed density. The fully dense structure without any cracking is a significant improvement compared to the low density pressureless sintered LiTaO 3 by Yang et al. [25] .
Microstructural characterizations
Figure 4a is a low magnification EBSD micrograph showing the large area view of the grain size distribution. As shown in this micrograph, most of the grains are smaller than 5 lm. Evidently, the low hot pressing temperature and short hot pressing time resulted in much smaller grain size than in an earlier work [21] . In addition to the low hot pressing temperature, both LiAlO 2 and LiAl 5 O 8 minor phases also serve as grain growth inhibitors to prevent LiTaO 3 from growing into the neighboring LiTaO 3 grains. Since LiTaO 3 has a different crystal system (trigonal) compared to LiAlO 2 (tetragonal) [23] and LiAl 5 O 8 (cubic) [24] , LiTaO 3 cannot grow past LiAlO 2 or LiAl 5 O 8 unless they form a solid solution. It is suspected that Al cations in the grain boundary may also have an important role of inhibitor during transient liquid phase sintering. Because the neutron diffraction confirms that there was no measurable solid solution formation, LiAlO 2 and LiAl 5 O 8 can serve as effective grain growth inhibitors. In addition, LiAlO 2 was introduced as the second phase to minimize the grain growth of LiTaO 3 . Use of a second phase as a grain growth inhibitor is one approach to maintain fine grain size in sintered samples. In this work, this team introduces LiAlO 2 as a second phase by adding a small amount of high purity Al 2 O 3 to react with excess Li 2 CO 3 to form LiAlO 2 during the hot pressing step. The combination of reduced processing temperature enabled by liquid phase sintering and grain growth inhibition through the use of a second phase contribute to a significant reduction in grain size, which in turn minimizes the residual stress and enables fabrication of dense, crack-free polycrystalline LiTaO 3 .
The LiF liquid phase enhanced densification, and the small grain size minimized the residual stress, which made possible the high density (99.9%) of polycrystalline LiTaO 3 without fracture. Figure 4b is a higher magnification EBSD showing the detailed grain morphology, shape, Compared to a previous work [21] , twinning is significantly reduced. It is believed that the much reduced twins are the direct benefits of the small grain size as well as the much reduced residual stress. This EBSD work also confirms that the hot pressed disc indeed has a nearly fully dense structure, and no pores are observed. The EBSD images contain no hints of any second phase, but a low atomic number second phase present as an intragranular layer thinner than the interaction volume of the electron beam would not be detectable anyway because the backscatter diffraction signal would be dominated by the high-atomic number surrounding grains. Figure 5 shows the bright field TEM image of the LiTaO 3 ceramic. The micrograph confirms a fully dense structure. As evident from this micrograph, the presence of a low-Z grain boundary phase is indicated by the apparent gap between grains. It is clear that a very small amount of the liquid phase might still remain at the grain boundary even after the completion of the liquid phase sintering. The thickness of the grain boundary phase is on the order of 40-80 nm. To confirm if the grain boundary phase is a glassy phase or a crystalline phase, the inserted SAED pattern was taken from the triple point grain boundary junction to identify its structure. The diffused rings clearly indicate that the grain boundary phase is a glassy phase, which agree quite well with the liquid phase sintering mechanism. Furthermore, due to the small amount of liquid phase added, most of the triple points are small junctions with the same thickness as the grain boundary instead of large pockets from other works that had a large amount of liquid phase added. It is believed that the thin grain boundary phase might serve as a buffer layer to further minimize the residual stress developed by the large CTE mismatch caused by the neighboring grains. Figure 6 shows the dielectric constant and loss tangent of the hot pressed polycrystalline LiTaO 3 /LiAlO 2 as a function of temperature, both of which are similar to values Fig. 6 , indicating a Curie temperature of approximately 710°C, strongly suggesting that the dominant LiTaO 3 phase has a Li/Ta ratio very close to 1 [2] . Direct current resistance measurements found that the steady state resistivity of the dense polycrystalline LiTaO 3 was approximately 50 MX cm and linear with applied voltage (ohmic) from -800 to ?800 V, corresponding to a maximum applied field just greater than 10 kV/cm. The polycrystalline LiTaO 3 , then, is slightly more conductive than typical melt-grown single crystals, which may be a result of Li ? ion conduction in the thin and tortuous but potentially continuous LiAlO 2 grain boundary layer.
Electrical properties

Summary
This work has successfully achieved high density (99.9% TD) polycrystalline LiTaO 3 without any major residual stress or cracking. LiF/Al 2 O 3 has been demonstrated as an effective liquid phase sintering aid and contributes the majority of the densification between 850 and 1150°C. The density of the hot-pressed polycrystalline LiTaO 3 was measured at 6.880 g/cm 3 , which is 99.9% TD. The LiF liquid phase has not only reduced the hot pressing temperature and time but also increased the hot pressed density.
Neutron diffraction has shown that LiTaO 3 was maintained as the major phase with a minor amount of LiAlO 2 and LiAl 5 O 8 as the minor phases after hot-pressing. Most of the grains are smaller than 5 lm and no evidence of exaggerated grain growth was observed due to the low hot pressing temperature and the short hot pressing time. LiAlO 2 and LiAl 5 O 8 also serve a grain growth inhibitor role in minimizing the grain growth by limiting the LiTaO 3 from growing into neighboring grains. The small grain size has minimized residual stresses, allowing for high density of polycrystalline LiTaO 3 without cracking during cooling. TEM micrograph also shows a continuous thin layer of grain boundary phase on the order of 40-80 nm thick, which might have also serve as the buffer layer to further minimize the residual stress.
